TDP-43 is a major protein component of pathological neuronal inclusions that are present in frontotemporal dementia and amyotrophic lateral sclerosis. We report that TDP-43 plays an important role in dendritic spine formation in the cortex. The density of spines on YFP + pyramidal neurons in both the motor and somatosensory cortex of Thy1-YFP mice, increased significantly from postnatal day 30 (P30), to peak at P60, before being pruned by P90. By comparison, dendritic spine density was significantly reduced in the motor cortex of Thy1-YFP::TDP-43 A315T transgenic mice prior to symptom onset (P60), and in the motor and somatosensory cortex at symptom onset (P90). Morphological spine-type analysis revealed that there was a significant impairment in the development of basal mushroom spines in the motor cortex of Thy1-YFP::TDP-43 A315T mice compared to Thy1-YFP control. Furthermore, reductions in spine density corresponded to mislocalisation of TDP-43 immunoreactivity and lowered efficacy of synaptic transmission as determined by electrophysiology at P60. We conclude that mutated TDP-43 has a significant pathological effect at the dendritic spine that is associated with attenuated neural transmission.
Introduction
A range of devastating neurodegenerative disorders are pathologically characterised by the cytoplasmic aggregation of misprocessed proteins. Transactive Response DNA-binding protein of 43 kDa (TDP-43) is the major component of these inclusions in a spectrum of diseases known as 'TDP-43 proteinopathies' (Arai et al. 2006; Neumann et al. 2006) , which include amyotrophic lateral sclerosis (ALS) and frontotemporal dementia (FTD) (Bilican et al. 2012; Tan et al. 2015) . In addition, a subset of familial ALS and FTD cases arise from mutations in the TARDBP gene that encodes the protein (Gitcho et al. 2008; Borroni et al. 2009; Kovacs et al. 2009 ).
Under normal conditions, TDP-43 is tightly autoregulated and shuttles between the nucleus and the cytoplasm (Tollervey et al. 2011; Janssens and Van Broeckhoven 2013) . TDP-43 is a major component of RNA transport granules and serves to carry target mRNAs from the soma along dendrites and axons, enabling local protein translation (Kanai et al. 2004; Kindler et al. 2005; Liu-Yesucevitz et al. 2011) . Accordingly, TDP-43 expression is observed within axons, dendrites, and at the synapse (Estes et al. 2011; Fallini et al. 2012) , with knockdown of TDP-43 shown to impair granule movement and cause disruptions to the dendritic targeting of mRNA (Kabashi et al. 2010; Alami et al. 2014) . Perhaps unsurprisingly given the distal role of the protein, in vitro studies utilising hippocampal neurons have suggested TDP-43 may have a role in the generation and maturation of dendritic spines (Wiens et al. 2005; Majumder et al. 2012) . Dendritic spines are highly dynamic structures integral to neuronal circuitry; comprising the postsynaptic compartment of glutamatergic neurons, the structure requires highly localised protein translation (Johnson and Ouimet 2004; Spruston 2008; Sala and Segal 2014) .
The pathological consequence of TDP-43 misprocessing has been attributed to a toxic gain of protein function, or the loss of its normal function (Lee et al. 2012; Diaper et al. 2013) . A315T transgenic mouse expresses the DNA coding sequence for human TDP-43 bearing an A315T amino acid substitution, and has been used as an in vivo model of TDP-43 proteinopathy (Wegorzewska et al. 2009; Herdewyn et al. 2014 ). This mouse model develops cognitive and motor symptoms (Roberson 2012) and from postnatal day 90 (P90) displays progressive motor dysfunction, impaired memory acquisition and locomotion, as well as disinhibition, reminiscent of ALS and FTD . The A315T mutation in a different mouse line was recently used to identify novel translational targets of TDP-43, relevant to ALS (MacNair et al. 2015) . However, the potential for TDP-43 to disrupt synapse formation, maintenance or function has not yet been fully explored.
To determine the effect of mutant TDP-43 on synaptic structure and function in vivo, we compared Thy1-YFP transgenic mice (Porrero et al. 2010) , in which a subset of pyramidal neurons in layers 2/3 and 5 of the cortex express yellow fluorescent protein (YFP), with those also expressing pathological TDP-43; Thy1-YFP:: A315T transgenic mice. Herein we report that Thy1-YFP layer V pyramidal neurons in the primary motor cortex and somatosensory cortex undergo dynamic phases of spine formation and spine pruning over a previously undefined time course from postnatal (P) day 30 to 90. Pathological TDP-43 driven by overexpression of mutant TDP-43 alters dendritic spine development, spine morphology, and excitabilitythereby neuronal connectivity-prior to disease onset specifically in the motor cortex.
Materials and Methods

Animals and Tissue Processing
All experimental procedures utilised adult male mice, were approved by the Animal Ethics Committee of the University of Tasmania and were performed in accordance with the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes. Animals were housed in individually ventilated cages at 20°C, on a 12 h light-dark cycle, with access to food and water ad libitum. Thy1-YFP transgenic mice [B6.Cg-Tg (Thy1-YFP-H)16Jrs/J) (Feng et al. 2000; Porrero et al. 2010) ] and TDP43 A315T transgenic mice [B6.Cg-Tg (Prnp-TARDBP x A315T) 95Balo/J (Wegorzewska et al. 2009; Herdewyn et al. 2014) ] were purchased from the Jackson Laboratory and maintained on a C57BL6 background. These mice demonstrate an approximate 3-fold increase in expression of human TDP-43
A315T
, in comparison to endogenous TDP-43 levels, driven on the prion promotor (Wegorzewska et al. 2009 ). These mouse lines were intercrossed to generate Thy1-YFP::TDP43 A315T transgenic mice.
Thy1-YFP transgenic littermates were used as controls. For tissue collection mice were terminally anaesthetised with an overdose of sodium pentobarbital, and transcardially perfused with 4% (w/v) paraformaldehyde (PFA) in 0.01 M phosphate-buffered saline (PBS) at postnatal day (P) 30 (n = 5), P60 (n = 5), and P90 (n = 5). Dissected tissue was postfixed overnight in 4% PFA and stored at 4°C in 0.01 M PBS containing 0.1% w/v sodium azide (Sigma Aldrich, Australia). The brain was cut at Bregma −4.00 mm, and the anterior portion embedded in 5% (w/v) molecular grade agarose (Bioline Australia Pty Ltd, NSW Australia) dissolved in 0.01 M PBS. Coronal vibratome sections (alternating 2 × 20 µm and 2 × 60 µm immunohistochemistry) were generated using a Leica VT1000S vibratome (Biosystems Australia Pty Ltd, VIC, Australia), and collected onto slides (Livingstone, Australia) (20 µm) or as floating sections into 24 well plates (Corning Life Sciences, USA) containing sodium azide (60 µm). 20 µm sections were processed for immunohistochemistry immediately. Floating 60 µm sections were stored in darkness at 4°C until processed for immunohistochemistry.
Immunohistochemistry
Primary motor and somatosensory cortices were identified by anatomical landmarks referring to the appearance of the lateral ventricles, the shape of the third ventricle and the appearance of the anterior commissure and corpus callosum (Franklin and Paxinos 2008) . For dendritic spine analysis, sections on slides (20 μm) were exposed to a primary antibody solution containing 0.3% triton-X-100 (Sigma Aldrich, Australia), the presynaptic marker antisynaptophysin (1:100) and antiGFP (1:1000), which detects endogenous YFP (Table 1) . To probe TDP-43 cortical pathology, floating sections (60 μm) were exposed to a primary antibody solution of 0.3% triton-X-100, antiubiquitin (1:300) and antihuman-TDP-43 (1:1000) (Table 1) . Sections were then washed three times in PBS and incubated with alexa-fluor conjugated secondary antibodies (Thermo-Fisher Scientific Australia Pty Ltd, VIC, Australia) for 2 h at room temperature. Sections probed for ubiquitin and human TDP-43 were exposed to an initial wash in a solution of PBS and the nuclear stain DAPI (4′,6-diamidino-2-phenylindole; Thermo Fisher Scientific Australia Pty Ltd, VIC, Australia) (1:1000), and two washes of PBS alone prior to mounting onto slides. Slides were dried in the dark and mounted in fluorescent mounting medium (Thermo Fisher Scientific Australia Pty Ltd, VIC, Australia). No primary controls were included in all immunohistochemical experiments.
Dissected spinal cord was cryoprotected and sectioned at a thickness of 30 μm using a Leica CM1850 cryostat (Leica Biosystems Australia Pty Ltd, VIC, Australia). Every second slide from each animal was exposed to toluidine blue solution (0.125% toluidine blue in 0.125% acetic acid) (Sigma Aldrich, Australia) for 10 mins and subsequently washed 5 times for 5 min prior to mounting with fluorescent mounting medium (Thermo Fisher Scientific Australia Pty Ltd, VIC, Australia) and stored in darkness.
Confocal Microscopy
Immunofluorescence was captured using a Zeiss LSM 510 Duoscan confocal microscope (Carl Zeiss Microscopy, Germany) running Zen software and equipped with Ar488 and HeNe543 lasers. For cell body analysis in the motor and somatosensory, an ec plan neofluor 10×/0.3 objective was used to acquire z-plane images with 0.7 μm intervals through 12 µm of the tissue depth. Eight sections were imaged per cortical region per mouse. To image basal and apical dendritic spines of layer V pyramidal neurons, a plan-apochromat 63×/1.4 oil objective was used to acquire z-plane images with 0.9 μm intervals through 18 μm of tissue. Four images were collected from eight sections per cortical region per time point (960 stacks in total).
An UltraVIEW Vox spinning disk confocal microscope running Volocity Software (PerkinElmer Australia Pty Ltd, VIC Australia) and equipped with a Plan Apo 20×/0.345 air objective (Nikon, New York USA) was used to capture Z-stacks (slices 1-μm apart) of ubiquitin and TDP-43 localisation in the motor cortices. A 60×/0.0767 water objective (Nikon, New York USA) was used for high power representative images (slices 1-μm apart).
Image Analysis
Z-stacks were taken to determine the number of YFP-positive layer V pyramidal neurons in the motor and somatosensory cortex of each brain section. ImageJ (v1.47t, National Institutes of Health, USA) was used to count the number of YFPexpressing pyramidal neurons visible in an image. For dendritic spine density quantitation, Z-stack images of the basal and apical dendrites within the motor and somatosensory cortices were analysed using Neurolucida™ software (MBF Bioscience, USA). Dendrites were traced through stacks with spines marked, and images then exported to Neurolucida™ Explorer 11 (MBF Bioscience, USA) for spine quantitation. Branched structure analysis was used to analyse the number of dendritic spines per μm and density of spine morphologies. Spines were classified either as mushroom, stubby or thin type according to spine neck length and spine head size, referring to established parameters (Harris et al. 1992) (Supplementary Fig. 1 ). For analysis of lower motor neurons, the lumbar regions of interest within the spinal cord were identified via anatomical landmarks (need a reference for a spinal anatomical map here or a paper that used these parameters). Large motor neurons stained with toluidine blue in the anterior horn of lumbar regions 3-4 were identified by size (greater than 20 μm) and manually counted using a Leica DM2500 microscope (Leica Microsystems Pty Ltd, VIC, Australia).
Electrophysiology
Following cervical dislocation, mice (P30-P60) were decapitated and their brains dissected into ice-cold sucrose solution containing: 75 mM sucrose, 87 mM NaCl, 2.5 mM KCl, 1.25 mM NaH 2 PO 4 , 25 mM NaHCO 3 , 7 mM MgCl 2 , and 0.95 mM methods 4CaCl 2 . Coronal vibratome sections (300 µm) were prepared using a Leica VT1200s vibratome, and incubated at 31.7°C for ≥45 min in artificial cerebral spinal fluid (ACSF) containing: 119 mM NaCl, 1.6 mM KCl, 1 mM NaH 2 PO 4 , 26.2 mM NaHCO 3 , 1.4 mM MgCl 2 , 2.4 mM CaCl 2 , 11 mM glucose (300 ± 5 mosm/kg). For recordings, slices were perfused with 22 ± 1°C ACSF containing 500 nM tetrototoxin and 100 µM picrotoxin, saturated with 95% O 2 /5% CO 2 . Recording electrodes were prepared from glass capillaries and had a resistance of 3-5 MΩ when filled with an internal solution containing 120 mM csmethanesulfonate, 20 mM HEPES, 0.4 mM EGTA, 5 mM TEA, 2 mM MgCl 2 , 2.5 mM MgATP, 0.3 mM GTP, set to a pH of 7.2-7.3, and an osmolarity of 280 ± 5 mOsm/kg. Whole cell patch clamp recordings of layer V motor cortex pyramidal neurons, selected based on a pyramidal shaped soma, a capacitance greater than 75 pF and a membrane resistance less than 100 mΩ (Oswald et al. 2013; Suter et al. 2013) , were collected using a HEKA patchclamp EPC800 amplifier, with a holding potential of −70 mV. After 10 min recordings were made using a gap free protocol for 3 min and 10 seconds, sampled at 50 Hz and filtered at 1 Hz using PClamp10 software (Molecular Devices). Access resistance was recorded before and after each recording. Data was not included if the access resistance was ≥18 MΩ, or if the access resistance changed by ≥10% during the course of the recording. Access resistances did not significantly differ between groups. Miniature excitatory postsynaptic currents (mEPSCs) were selected based on an amplitude ≥8 pA, and were analysed using the MiniAnalysis60 program (Synaptosoft, Decateur, Georgia). Postrecording, the patch electrode was removed from the neuron, which was later identified by detection of neurobiotin with a fluorescently conjugated Alexa Fluor ® 546 streptavidin (Molecular Probes™; 0.1% triton-X-diluent detergent). This approach was used to confirm that they were indeed layer V pyramidal neurons located within the motor cortex.
Statistical Analysis
Student's t-tests, one-way and two-way analysis of variance (ANOVAs) were performed in GraphPad (USA) Prism. Post hoc comparisons were performed using Bonferroni's correction for multiple comparisons. For electrophysiological comparisons, two-tailed t-tests were performed. A p-value <0.05 was considered significant.
Results
Dendritic Spine Density Peaks at P60 in the Thy1-YFP Mouse Cortex
The dendrites of pyramidal neurons provide loci for dendritic spines, with neuronal structure typified by a skirt of basal dendrites and a single, vertical apical dendrite emerging from the soma (Bianchi et al. 2013 ). Structural differences between basal and apical dendrites dictate the type of synaptic inputs these compartments receive, varying in size, complexity, electrical conductance and responsiveness to stimulation (Wu et al. 2015) . Generally, apical dendrites extend throughout cortical layers (Major et al. 2013) ; in contrast, basal dendrites make more localised intralayer synaptic connections (Nevian et al. 2007) . In order to determine whether spine densities in the cortex change during postnatal life, spine density was investigated using the Thy1-YFP mouse ( Fig. 1A) at P30 (juvenile mouse), P60 (young adult), and P90 (adult). The Thy1-YFP mouse expresses YFP in a subset of layer II/III and V pyramidal neurons (Feng et al. 2000) enabling the basal and apical dendritic spines ( Fig. 1B) of the primary motor and somatosensory cortices to be clearly identified at all time points (Fig. 1C) . We quantified spine density (spines per millimetre) in layer V of the motor cortex (MC) and the somatosensory cortex (SSC) and found that it was significantly increased between P30 and P60 (659 ± 49 p/ mm P30 MC, 981 ± 56 p/mm P60 MC) (588 ± 50 p/mm P30 SSC, 889 ± 44 p/mm P60 SSC) (p < 0.0001, two-way ANOVA, Bonferroni post hoc) (Fig. 1C,D) . By P90, spine density was significantly reduced in comparison to P60 in both the motor cortex (197 ± 9 p/mm P90 MC) and in the somatosensory cortex (190 ± 3 p/mm P90 SSC) (p < 0.0001, two-way ANOVA, Bonferroni post hoc) (Fig. 1C,D) . Dendritic spine density was also significantly reduced at P90 in comparison to P30 in both cortical regions. These results demonstrate that during development, in the Thy1-YFP cortex, dendritic spine density peaks and undergoes subsequent synaptic pruning as the cortex matures.
To establish whether changes to dendritic spine density are associated with changes in the level of the presynaptic vesicle protein synaptophysin, immuno-labelled puncta were quantified (number of puncta per field of view) in the Thy1-YFP motor and somatosensory cortices in layer V at P30, P60, and P90. No significant differences in puncta density were identified between the time points in the motor cortex (1572 ± 112 P30 MC, 1459 ± 128 P60 MC, 1796 ± 92 P90 MC) or the somatosensory cortex (1626 ± 132 P30 SSC, 1568 ± 126 P60 SSC, 1720 ± 147 P90 SSC) (Fig. 1E) . These data indicate that the dendritic spine density dynamics occurring in the developing neocortex are independent of global changes in synaptophysin levels.
Dendritic Spine Density is Unchanged in the P30 Thy1-YFP::TDP-43 A315T Cortex n vitro studies suggest TDP-43 may be involved in the formation of dendritic spines (Wiens et al. 2005; Wang et al. 2008; Majumder et al. 2012 ) and may have key roles within the basal dendritic region of pyramidal neurons (Elvira et al. 2006; Braak et al. 2010; Coyne et al. 2015; Walker et al. 2015) . To investigate whether TDP-43 plays a role in spine dynamics in the adult rodent brain, and if this may be an important pathogenic event in ALS-FTD proteinopathies, we investigated spine density over a time course in layer V of the TDP-43
A315T
:YFP mouse cortex. First, alterations in neuronal spine density were analysed in TDP-43
:YFP mice at P30. There were no significant differences in spine density between the basal dendrites of the Thy1-YFP::TDP-43
A315T and Thy1-YFP motor cortices (620 ± 41 p/mm control MC basal, 559 ± 42 p/mm TDP-43 A315T MC basal) ( Fig. 2A,C,E) , or between the apical dendrites (698 ± 62 p/mm control MC apical, 900 ± 78 p/mm TDP-43 A315T MC apical) (Fig. 2B,D,F ). There were no significant differences in spine density between the basal dendrites of the somatosensory cortex in Fig. 2A ). The loss of dendritic spines observed at this time point was not found to be associated with significant concomitant alterations in the global expression of synaptic proteins ( Supplementary  Fig. 3, 4) A within-groups comparison of basal and apical spine densities in the motor and somatosensory cortex in Thy1-YFP::TDP-
43
A315T mice at P90 demonstrated a region specific reduction in spine density of layer V basal dendrites in the motor cortex compared to layer V basal dendrites in the somatosensory cortex (113 ± 7 p/mm MC basal, 147 ± 9 p/mm SSC basal). Repeated-measures ANOVA did not reveal any further significant difference in spine densities following comparisons between the apical dendrites of the motor and somatosensory cortices (120 ± 10 p/mm TDP-43 A315T MC apical, 130 ± 9 p/mm TDP-43 A315T SSC apical). The findings indicate that the basal ) and can generally be classified into three main morphologies; stubby, thin and mushroom (Holtmaat et al. 2005; Spruston 2008 ). These spine types have differential stability afforded by the varying recruitment of AMPA receptors (Matsuzaki et al. 2001; Noguchi et al. 2005 ) and the polymerisation cycling of actin (Honkura et al. 2008 ). In particular, transient thin spines have an increased turnover rate (Bourne and Harris 2007) with relatively fewer AMPA receptors and higher rates of actin polymerisation and depolymerisation (Honkura et al. 2008) . In comparison, mature mushroom and stubby spines are considered to be stable connections, thus displaying higher levels of AMPA receptor recruitment and enlarged postsynaptic densities (Marrs et al. 2001; Prange and Murphy 2001; Matsuzaki et al. 2004 ).
To establish if the alterations in dendritic spine densities were associated with specific morphological subsets, the spines on layer V basal dendrites were characterised as being either thin, stubby or mushroom shaped (Fig. 5A,D,G) and the relative proportion of each spine type (percentage) calculated. In the Thy1-YFP motor cortex spine types were significantly altered from P30 to P90. Stubby spines significantly increased between P30 (24%) and P90 (36%) while thin spines were significantly decreased from P60 (29%) to P90 (19%) (p < 0.0001, two-way ANOVA, Bonferroni post hoc) (Fig. 5B,E) . Mushroom spines demonstrated a significant increase in the motor cortex from P30 to both P60 and P90 (30% P30, 39% P60, 45% P90) (p < 0.0001, two-way ANOVA, Bonferroni post hoc) (Fig. 5H) . In the Thy1-YFP::TDP-43 A315 motor cortex basal dendritic spine types demonstrated altered dynamics specific to mushroom spines to that of the Thy1-YFP motor cortex over the time course. Similar to the Thy1-YFP motor cortex stubby spines significantly increased between P30 (29%) and P90 (41%) (p < 0.0001, two-way ANOVA, Bonferroni post hoc) (Fig. 5E) , whereas thin spines were significantly decreased from P30 (34%) to P90 (21%) (p < 0.0001, two-way ANOVA, Bonferroni post hoc) (Fig. 5B) In human disease TDP-43 is mislocalised from its predominately nuclear localisation to the cytoplasm where it forms protein aggregates. Ubiquitinated aggregates are a pathological hallmark of the TDP-43 proteinopathies, and have been observed in mice with the TDP-43 A315T transgene, particularly in layer V pyramidal neurons of the motor cortices (Wegorzewska et al. 2009 ). To investigate pathological alterations in TDP-43 localisation relative to changes in dendritic spines, the localisation of ubiquitin and human TDP-43 (hTDP-43) was investigated in laver V of the motor cortex over the time course. At P30, hTDP-43 immunoreactivity was predominately nuclear (Fig. 6A) . Nuclear hTDP-43 immunoreactivity was present at P60, however labelling was also present outside the border of the nucleus at this time point (Fig. 6B) . By P90, hTDP-43 was predominately outside the nucleus. At P30 and P60 ubiquitin aggregates were not evident; however, at P90 ubiquitin accumulation was observed in the cytoplasm of DAPIstained cells consistent with neurons in the motor cortices of Thy1-YFP::TDP-43 A315T mice (Fig. 6A) . Furthermore, ubiquitin was partially colocalised with cytoplasmic TDP-43 (Fig. 6B) in the cortex at P90. The ubiquitination of TDP-43 in the cytoplasm corresponded with the onset of motor symptoms at P90 in Thy1-YFP::TDP-43 A315T and TDP-43 A315T mice ( Supplementary   Fig. 2 ). Together, the data demonstrates ubiquitin accumulation and TDP-43 mislocalisation occurs by the onset of disease symptoms at P90. TDP-43 mislocalisation and dendritic spine alterations precede this pathology, occurring by P60.
YFP-Positive Pyramidal Neurons are Significantly
Reduced in the Thy1-YFP::TDP-43 A315T Cortex at P90
To determine if the decrease in spine density observed at P60 and P90 was associated with excitatory neuronal loss, the number of pyramidal neurons expressing YFP on the Thy-1 promoter in the motor and somatosensory cortices of Thy1-YFP::
TDP-43 A315T mice was quantified and compared to Thy1-YFP control mice. At P30, there was no significant difference in the mean number of pyramidal neurons between the Thy1-YFP:: TDP-43 A315T mice and Thy1-YFP controls in the motor (23 ± 4 control MC, 23 ± 3 TDP-43 A315T MC), or the somatosensory (11 ± 2 control SSC, 9 ± 1 TDP-43 A315T SSC) cortices (Fig. 7A,B) .
At P60 there was also no significant difference in the mean number of pyramidal neurons between Thy1-YFP::TDP-43 A315T mice and Thy1-YFP controls in either the motor (31 ± 2 control MC, 26 ± 1 TDP-43 A315T MC), or the somatosensory (12 ± 1 control SSC, 8 ± 1 TDP-43 A315T SSC) at 60 days (Fig. 7C,D) cortices.
At P90, however, the mean number of YFP-expressing pyramidal neurons was significantly reduced in the motor cortex of Thy1-YFP::TDP-43 A315T mice in comparison to Thy1-YFP controls (30 ± 5 control MC, 11 ± 2 TDP-43 A315T MC) (Fig. 7E,F controls (12 ± 4 control SSC, 6 ± 1 TDP-43 A315T SSC) (Fig. 7E,F) .
These findings indicate that overt neuron cell death induced by the TDP-43 A315T mutation is occurring at symptom onset and is specific to the motor cortex.
Lower Motor Neurons are Significantly Reduced in the Thy1-YFP::TDP-43 A315T Spinal Cord at P90
The loss of lower motor neurons has been reported in patients with both ALS and FTD (Kiernan et al. 2011; Riku et al. 2014 ). In the current study cortical cell loss was found to occur after dendritic spine alterations; thus to further characterise pathology in Thy1-TDP-43 A315T mice, large motor neurons stained with toluidine-blue within the anterior horn of the spinal cord were quantitated across the time course (P30, P60, and P90) (Fig. 8A) .
In the spinal cord of the mouse, lumbar regions 3-4 innervate the large gastrocnemius muscle that is responsible for hind limb movement (Mohajeri et al. 1998 ). The locomotive dysfunction of this muscle constitutes the first overt disease symptoms in TDP-43 A315T mice (Wegorzewska et al. 2009 ) and chronic excitotoxic treatment in these lumbar regions has been shown to recapitulate disease-linked pathology . At P30 and at P60, there were no significant differences between Thy1-YFP::TDP-43 A135T mice and controls in the number of anterior horn motor neurons stained with toluidine blue (Fig. 8) . However, at P90 there was a significant decrease in motor neurons stained with toluidine blue in Thy1-YFPTDP-43 A315T mice (n = 31, 3.8 ± 0.77) compared to Thy1-YFP controls (n = 16, 6.4 ± 0.74) (p = <0.0001, two-way ANOVA, Bonferroni post hocs) (Fig. 8B) . The loss of lower motor neurons corresponded with the onset of motor symptoms in Thy1-YFP::TDP-43 A315T and TDP-43 A315T mice at P90 (Supplementary Fig. 2B ).
This further demonstrates that neuronal loss and subsequent motor phenotypes attributed to TDP-43 A315T transgene expression occur later in a disease cascade, preceded by dysfunctional dendritic spine alterations.
Pathological TDP-43 Decreases Excitatory Synaptic Transmission in the Thy1-YFP::TDP-43 A315T Motor
Cortex at P60
To determine whether the alterations in spine density reflect a decrease in synaptic transmission in Thy1-YFP::TDP-43 A315T mice, we took whole cell patch clamp recordings from layer V neurons in the motor cortex of P30 and P60 Thy1-YFP and Thy1-YFP::TDP-43 A315T mice (Fig. 9 ). There were no significant differences between Thy1-YFP::TDP-43 A315T mice and that of Thy1-YFP controls in the amplitude or frequency of mEPSCs at P30 (Fig. 9C) . At P60 the average amplitude of the mEPSCs was equivalent between Thy1-YFP::TDP-43 A315T controls and Thy1-YFP::TDP-43 A315T transgenic mice (p = 0.3, two-tailed t-test), suggesting that the synapse receptor composition was likely unaffected at this time point (Fig. 9D) . However, consistent with the disparity in spine density detected, layer V pyramidal neurons in Thy1-YFP::TDP-43 A315T mice exhibited a lower frequency of mEPSCs relative to those of Thy1-YFP controls (p < 0.02, twotailed t-test).
Discussion
TDP-43 mislocalisation via aggregation is a cardinal feature observed within the cortices of ALS and FTD patients (Arai et al. 2006; Neumann et al. 2006) , and a number of these cases are attributable to protein mutations (Cairns et al. 2007; Seelaar et al. 2007; Gitcho et al. 2008) . Recent research has postulated a role for endogenous TDP-43 at the synapse (Wang et al. 2008; Majumder et al. 2012) , in conjunction with a pathological role at this compartment in disease states (Ash et al. 2010; LiuYesucevitz et al. 2011) . Therefore, we investigated synaptic dynamics in response to pathogenic TDP-43 within two defined cortical regions. First, we quantified the dendritic spine density of layer V pyramidal neurons in the primary motor and somatosensory cortices of Thy1-YFP mice over a time course. Analysis revealed a peak in spine density at P60, with a subsequent~2-fold reduction observed by P90. This time period represents a formerly undefined time course of spine growth and subsequent pruning during the first three months of development in the mouse cortex. Spine dynamics have previously been shown to fluctuate vastly throughout cortical development (Bhatt et al. 2009 ). Peaks in spine density have been widely documented in a number of mammalian models (Knott and Holtmaat 2008; Arikkath 2012; Hammond et al. 2014 ) and reductions in spines enable the formation of only viable connections during critical periods (Bourne and Harris 2007) . At this crucial stage in the Thy1-YFP cortex, the expression of the presynaptic protein synaptophysin was unchanged, indicative of postsynaptic morphological plasticity being independent of widespread changes in at least one presynaptic component. Next we determined the pathogenic role of a known disease causing mutation to TDP-43 in this distal compartment. Dysfunction at the synapse has increasingly been implicated in the onset and progression of TDP-43 proteinopathies, and our results demonstrate novel early pathogenic alterations in dendritic spines and in neuronal synaptic transmission. Utilising the novel Thy1-YFP::TDP-43 A315T model of TDP-43 proteinopathies the current study investigated the influence pathological TDP-43 has in perturbing the spine density of a subset of layer V pyramidal neurons. We investigated spine density in the primary motor and somatosensory cortices of Thy1-YFP::TDP-43 A315T mice over our established time course of spine growth and pruning. While initial spine formation is unaltered in the presence of mutated TDP-43, dendritic spine density was reduced in the Thy1-YFP::TDP-43 A315T motor cortex at a presymptomatic stage and did not display the developmental density peak observed in Thy1-YFP mice. These reductions were widespread by disease onset and were not associated with changes to the global expression of synaptic proteins-while we can discount gross changes in puncta number or protein levels, it may be that there are local receptor alterations masked by studies of the cortex. We investigated the morphological subsets of basal dendritic spines, as TDP-43 has been shown to reside within neuronal basal dendrites as a constituent of RNA granules (Wang et al. 2008; Braak et al. 2010 ). This implicates a specific dendritic compartment that may be vulnerable to TDP-43 misprocessing. The changes we observed occurred primarily in mushroom spines, with a lowered proportion in Thy1-YFP::TDP-43 A315T mice at the onset of disease. Mushroom spines represent mature postsynaptic domains and their specialized structure encompasses larger postsynaptic densities (PSD) (Harris et al. 1992; Spruston 2008) . The PSD facilitates the anchoring of α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPAR) to the postsynaptic membrane and functionally strengthens synaptic connections (Bourne et al. 2007 ). Integrating our current findings indicates that pathogenic TDP-43 may disrupt the recruitment of AMPA receptors to the PSD, inhibiting the formation of the mushroom spines specifically. In accordance with our findings, a normal role for TDP-43 has been identified as a regulator of dendritic spine density and maturation (Iguchi et al. 2009; Majumder et al. 2012) , and in maintaining synaptic function (Wiens et al. 2005; Wang et al. 2008) . The structural maintenance of dendritic spines has been linked to TDP-43 via suppression of the Rac1 pathway, which acts to stimulate actin polymerisation and stabilisation of dendritic spines (Majumder et al. 2012) . Additionally, the pathway recruits AMPA receptors to the postsynaptic membrane during spine formation, thus enhancing synaptic strength and stability (Murakoshi et al. 2011; Martino et al. 2013 ). The active colocalisation of endogenous TDP-43 with PSD-95 at the postsynaptic density in vitro further establishes an integral role for the protein at the synaptic compartment (Wiens et al. 2005; Wang et al. 2008) . Moreover, the protein has been identified as a constituent of RNA granules that function to facilitate local protein synthesis and neuroplasticity at the postsynapse by transporting target mRNAs to distal compartments (Liu-Yesucevitz et al. 2011; Alami et al. 2014) . Specific alterations in the fraction of mushroom spines on basal dendrites, mediated by TDP-43 misprocessing, may reflect targeted impairments in the ability of neurons to integrate synaptic input (Vadodaria et al. 2013) and to consolidate synaptic connections (Holtmaat et al. 2005) . Hence, the misprocessing of TDP-43 in disease may mediate impaired synaptic stability, resulting in the dysregulated maintenance of spine structure and maturation
Of particular relevance to ALS, our results indicate that pyramidal neurons within the primary motor cortex are specifically affected by TDP-43 misprocessing, as driven by the overexpression of the A315T mutation. It remains unclear why neurons within the cortico-spinal system are vulnerable to disease degeneration; however it is highly likely that a long period of neuronal dysfunction occurs up to decades before the onset of clinical symptoms. It has been well established that disturbed cortical excitability may be one such early event in ALS, with motor cortical hyperexcitability occurring prior to lower motor neuron dysfunction in both patients with sporadic and familial forms of the disease (Vucic et al. 2008; Menon et al. 2015) . In Drosophila, TDP-43 mutations induce structural and functional defects that can subsequently be stabilised by treatment with calcium channel agonists (Armstrong and Drapeau 2013) , highlighting the role TDP-43-mediated excitability at the synapse may have in disease. Furthermore, differential expression of wild type TDP-43 has been shown to increase the frequency of action potentials without altering amplitude, indicative of increased excitability (Dong et al. 2014) . This result has been recapitulated in the current study in Thy1-YFP::TDP-43 A315T mice prior to symptom onset, coinciding with decreased dendritic spine density. A reduction in the frequency of mEPSCs can be evidenced following inhibition of presynaptic vesicular glutamate release (McKinney et al. 1999 ). While it is traditionally held that decreased frequency of transmission is a mechanism of presynaptic expression (Bolshakov and Siegelbaum 1994; Oliet et al. 1997 ), this pattern is also consistent with 'synaptic silencing', attributable to the loss of receptors at an activated synapse (Hanse et al. 2013) . Accordingly, disruption to the surface expression of GluR2-containing AMPARs has been shown to induce the functional elimination of postsynaptic AMPARs (Noel et al. 1999) , resulting in decreased mEPSC frequency and synaptic silencing (Liao et al. 2001) . Dysregulation of the GluR2 subunit of AMPA receptors contributes to hyperexcitability as a result of increased Ca 2+ permeability (Liu and Zukin 2007; Aizawa et al. 2010) ; however, excessive excitation may also result in eventual hypoexcitability (Delestree et al. 2014) Within the cortico-spinal system, hypoexcitability has been increasingly shown to induce neuronal death (Leroy and Zytnicki 2015) . Indeed, motor neurons derived from induced pluripotent stem cells harbouring TDP-43 mutations display an initial hyperexcitability that is followed by the progressive loss of functional output, with hypoexcitability reflecting a decrease in synaptic activity (Devlin et al. 2015) . Our data suggests the early vulnerability of dendritic spines may play a key role in the susceptibility of motor neurons to excitability dysregulation, through alterations in postsynaptic structure and connectivity. The detailed analysis of spine morphology over a time course in the Thy1-YFP transgenic mouse alone has revealed that spine morphology in the motor cortex undergoes a greater rate of changes to spine populations than the somatosensory cortex. This dynamic ability, or need for spine plasticity, may reflect a greater demand for adaptations in the circuitry of the motor cortex. In the context of ALS, this increased demand may be particularly relevant for homeostatic mechanisms involved in the regulation of excitability, at both the pre-and postsynapse.
Normal cortical circuitry relies upon a fine balance between excitation and inhibition, such that alterations in one should be counteracted by alteration in the other. Central to this balance is the function of the inhibitory cell populations, the interneurons, which regulate cell excitability via the release of GABA (Kubota 2014) . Recent works suggest that this extrinsic form of regulation may have an underappreciated role in the dysregulation of motor cortex microcircuitry (Bae et al. 2013; Clark et al. 2015) . Indeed, in TDP-43 A315T mice, a recent study elegantly demonstrated that Somatostatin interneurons display an early hyperexcitability, which results in the increased disinhibition of layer V pyramidal neurons, via increased inhibition of Parvalbumin interneurons (Zhang et al. 2016) . In combination with our data, this may suggest an important role for both extrinsic and intrinsic mechanisms in the dysregulation of motor neuron excitability. Reduced inhibition within TDP-43 A315T mice, while reflecting hyperexcitability, may also be due to alterations in the expression of postsynaptic inhibitory receptors in the cortex and thus dysfunction of interneuronal GABA release (Shrivastava et al. 2011; Bae et al. 2013 ). While it is still unknown us to what initiates hyperexcitability of cortical circuitry in disease, it is increasingly evident that the dysregulation of these networks plays a key role in TDP-43-mediated neurodegeneration.
We observed TDP-43 A315T mediated degeneration of upper motor neurons, establishing a previously unknown pathological feature of the A315T mutation in the cortex (McGoldrick et al. 2013 ). The 90 day Thy1-YFP::TDP-43 A315T motor cortex displayed a 38% loss of pyramidal neurons, in line with evidence demonstrating less pronounced cell death early in pathology mediated by TDP-43 variants (Gitcho et al. 2008; McGoldrick et al. 2013; Poppe et al. 2014) . At P90, neurons within the motor cortices of Thy1-YFP::TDP-43 A315T mice displayed ubiquitin accummulation and ubiquitin colocalisation with cytoplasmic TDP-43. In transgenic mice with the A315T mutation, ubiquitination is specific to layer V cortical pyramidal neurons and spinal motor neurons (Herdewyn et al. 2014) , thus mirroring the selective vulnerability observed in patients with FTLD and ALS. Ubiquitin pathology and TDP-43 mislocalisation has been observed without the presence of TDP-43 aggregates in TDP-43 A315T mice (Wegorzewska et al. 2009 ), a phenomenon also found in the cortices of transgenic models expressing other TDP-43 mutations (Arnold et al. 2013) . Additionally, the acute reduction of ubiquitinated TDP-43 A315T expression in transgenic mice results in the partial rescue of cognitive and motor dysfunction , indicating functional deficits and cortical pathology can be attributed to the presence of TDP-43 A315T without widespread aggregation. Our findings further validate this, with dendritic spine alterations occurring with TDP-43 mislocalisation but prior to ubiquitin accumulation and neuronal loss. Taken together, research into TDP-43 transgenic mice indicates the dysregulation of protein RNA and DNA-binding functions may be linked to early disease cascades. While our findings suggest ubiquitin accumulation is unlikely to be the intitating mechanism of pathology, it is still unknown what exactly the mechanism that drives TDP-43-mediated disease. While the current study is highly relevant for the A315T mutation of the protein, further studies are need to elucidate whether early synaptic alterations are specific to the single mutation or whether they are a result of general protein dysfunction. Experiments characterising the synaptic compartment need to be conducted prior to ubiquitin accumulation and neuronal loss in transgenic models of protein mutation variants such as TDP-43 M337V and TDP-43
G348C
, and models of altered protein expression (Liu et al. 2013; McGoldrick et al. 2013 ) in order to further establish how pathological TDP-43 mediates disease states. We first observed neurodegeneration at disease onset-after significant reductions in dendritic spine density. The role for TDP-43 in RNA and DNA regulation is essential to synaptic viability (Liu-Yesucevitz et al. 2011; Sephton and Yu 2015) , and accordingly synaptic alterations have increasingly been shown to precede neuronal death in a range of disorders (Gillingwater et al. 2002; Iqbala and GrundkeIqbal 2008; Dopper et al. 2013; Gillingwater and Wishart 2013) . Together, the evidence presented in the current study indicates synaptic dysfunction may be an initiating event in disease cascades.
Conclusion
The mechanisms driving TDP-43-mediated toxicity in disease remain unclear; however, our findings suggest that mutations in this protein are implicated in the dysregulation of synapse structure and function in the primary motor cortex. We have established a time course of physiological changes to dendritic spines that are specifically altered in the Thy1-YFP::TDP-43 A315T model of ALS/FTD. These changes originate in the motor cortex, affect the development of the relatively stable mushrooms spines specifically in the motor cortex, were independent of gross protein levels, precede overt neurodegeneration and are associated with pathological alterations to neuronal TDP43 Proteinopathy Reduces Neural Connectivity Handley et al. | 3643 connectivity, demonstrating a functional deficit. Collectively these findings indicate that through altering the exquisite balance of neuronal circuitry pathogenic TDP-43 may underpin the initiation of neuronal dysfunction and the cascade of neurodegeneration that arises in the motor system in ALS/FTD TDP-43 proteinopathies. Understanding why the motor system is primed to fail and the mechanism of TDP-43-mediated neurodegeneration is imperative for determining future treatment of these debilitating diseases.
